Abstract-In this brief, we report an alternative approach of implementing a Schottky collector bipolar transistor without doping the ultrathin silicon-on-insulator film. Using different metal work function electrodes, the electrons and holes are induced in an intrinsic silicon film to create the n-emitter and the p-base regions, respectively. Using 2-D device simulation, the performance of the proposed device has been evaluated. Our results demonstrate that the charge plasma-based bipolar transistor with Schottky collector exhibits a high current gain and a better cutoff frequency compared with its conventional counterpart.
I. INTRODUCTION

S
CHOTTKY collector bipolar transistors have been studied extensively in [1] - [6] . For example, the vertical Schottky collector PNP transistors on glass substrates have been experimentally demonstrated [3] . The Schottky collector phototransistors can be integrated on silicon waveguides for infrared detection [4] . In heterojunction bipolar transistors, the use of Schottky collector provides a better tradeoff between the base-collector capacitance and the collector transit time [6] . In the recent past, lateral Schottky collector bipolar transistors (SCBTs) on silicon-on-insulator (SOI) have been investigated extensively for their less collector storage time and low collector series resistance [7] - [10] compared with the conventional NPN/PNP BJT. One of the major drawbacks of the lateral SCBT structures is their low collector breakdown voltage. A number of treatments, such as an extended BOX region and the two-zone base region have been proposed [10] to increase the collector breakdown voltage of the SCBT. A two-zone base region has a highly doped base at the emitter side and a low doped base region at the Schottky collector metal side. This low doped base region reduces the peak electric field at the metal-base interface, consequently improving the breakdown voltage of the device. However, creating such a two-zone base on ultrathin SOI layers [10] using the conventional doping processes is difficult.
To overcome the above problem, an innovative Schottky collector bipolar charge plasma transistor (SC-BCPT) on undoped silicon is proposed [11] - [13] . The novel feature of the proposed structure compared with [13] is that it has a Schottky collector and exhibits a larger current gain and BV CEO ·f T product compared with [5] . In the SC-BCPT, the p and the n regions are formed in the undoped silicon layer by using the emitter metal electrode (work function ϕ m,E < ϕ Si ) and the base metal electrode (work function ϕ m,B > ϕ Si ), respectively. The base region consists of an induced p region and a lightly doped region of length L s2 with N A = 1 × 10 14 /cm −3 . This region L s2 on the Schottky metal side reduces the peak electric field at the metal-base interface. Therefore, forming a two-zone base region can be accomplished easily in the SC-BCPT compared with the conventional two-zone base SCBT [10] . Using 2-D-simulations, we demonstrate that the SC-BCPT exhibits a significantly higher current gain β and cutoff frequency f T compared with the SCBT with the same device geometry.
II. DEVICE STRUCTURE AND PARAMETERS
The cross-sectional view of the SC-BCPT and the conventional SCBT are shown in Fig Table I . In the SC-BCPT, Hafnium metal electrode (work function ϕ m,E = 3.9 eV) is used to create the emitter by inducing the electron plasma in the undoped silicon film. Holes are induced to create the base, by using a stack of TiN/HfSiO x /SOI doped with Fluorine (work function ϕ m,B = 5.4 eV) [14] . We have chosen the intrinsic silicon film thickness to be within the Debye length [13] . The collector of both the transistors is aluminum (work function ϕ m,C = 4.28 eV). For the SC-BCPT in Fig. 1(a) , the simulated net carrier concentrations (at 2 nm from the top SiO 2 -Si interface) for zero bias and forward active bias are shown in Fig. 2 . Both for thermal equilibrium (V BE = V CE = 0 V) and forward active bias (V BE = 0.7 V and V CE = 1.0 V), the electron and hole concentrations are maintained in the emitter (n E = 1 × 10 19 /cm 3 ) and the base (p B = 9 × 10 18 /cm 3 ). This creation of the electron/hole concentrations in the undoped silicon film permits the formation of a bipolar charge plasma transistor with a Schottky collector. The conventional two-zone base SCBT with which we have compared our results is also an SOI structure and has the same device parameters as that of the SC-BCPT except that: 1) the emitter and the base lengths are chosen to make sure that both the transistors have equal neutral base widths and 2) the dopings are chosen similar to those given in [10] . Typically, bipolar transistors are compared with identical Gummel numbers. However, in the present case, we could not keep the Gummel numbers of SC-BCPT and SCBT identical. If they are identical, it would make the current gain of the SCBT extremely low (less than one). The advantage of the SC-BCPT is that the low doped base region toward the collector metal side can be kept as intrinsic.
Simulations have been performed [15] using the FermiDirac statistics, Philip's unified mobility model [16] , and doping-induced bandgap narrowing model [17] , [18] , all with the default silicon parameters. Our simulation tool does not have an appropriate model for the carrier induced bandgap narrowing. Hence, it is not considered in our paper. The standard thermionic emission model [15] is used for the metal contacts of the SC-BCPT. Using the Richardson constant, the surface recombination velocity of electrons and holes are calculated as 2.2 × 10 6 cm/s and 1.6 × 10 6 cm/s, respectively. To account for the Schottky collector junction property, the standard thermionic emission model is used incorporating the effect of image force barrier lowering phenomenon [15] . For recombination, we have enabled Klaassen's model for concentration dependent lifetimes for SRH recombination with intrinsic carrier lifetimes n ie = n ih = 0.2 μs [19] . The screening effects in the inversion layer are also considered [20] . The Selberherr impact ionization model is used for calculating BV CEO [21] . The same base metal is used at the base contact of the SC-BCPT and the SCBT to make sure that the base contact properties are identical in both the transistors. This ensures that the lower base current in the SC-BCPT is not due to a difference in the base contact properties. Ohmic contact conditions are assumed at all other contacts with negligible contact resistances.
III. RESULTS AND DISCUSSION
The output characteristics of the SC-BCPT are compared with that of the conventional two-zone base SCBT in Fig. 3 . It is clearly seen that the SC-BCPT device has a higher current driving capability than the conventional SCBT for a given base current. The high V CE offset seen in the output characteristics of the SC-BCPT is due to: 1) the large base Gummel number and 2) the large majority carrier current of the fully depleted and lightly doped p-base-to-metal Schottky diode [3] , [7] . The peak current gain of the SC-BCPT (∼13 000) is several orders higher compared with the conventional SCBT (∼40) as shown in Fig. 4 . From the Gummel plots shown in Fig. 5 , it is observed that the collector current of the SC-BCPT is higher as compared with the SCBT. As we move down the SOI thickness, the built-in-potential of the emitterbase junction of the SC-BCPT reduces [ Fig. 6(a) ] unlike in the SCBT [ Fig. 6(b) ]. This results in an improved collector current in the SC-BCPT as compared with that in the SCBT for a given forward bias. The Gummel plots in Fig. 5 show that the base current of the SC-BCPT is much smaller than that of the SCBT resulting in an enhanced current gain. This reduction in base current is due to the surface electron accumulation at the emitter hafnium-silicon interface [13] , [22] , [23] . For V BE < 0.2 V, the recombination current dominates as shown in Fig. 5 . At higher V BE , the diffusion current takes over and the slope of the base current improves. For V BE > 0.8 V, the weak slope in the collector current is due to a combination of high injection level effects and the reverse early effect. In the Gummel plots in Fig. 5 , the SC-BCPT exhibits more collector current than the SCBT and therefore, has a higher transconductance leading to a better cutoff frequency f T (30.56 GHz) than that of the SCBT (23.8 GHz) as shown in Fig. 7 . The BV CEO · f T product of the SC-BCPT is 39.48 V-GHz (at BV CEO = 1.3 V) compared with 42.84 V-GHz of the SCBT (at BV CEO = 1.8 V).
IV. EFFECT OF INTERFACE TRAPS ON CURRENT GAIN
In the SC-BCPT, at the hafnium-silicon interface, the acceptor and the donor type traps could be present [23] , [24] . To simulate their influence on the current gain, we have considered both types of traps with the trap energy level (E.level) at 0.49 eV from the conduction (or valance) band [24] . The degeneracy factor (degen) is 12 and the capture cross sections for electrons (sign) and holes (sigp) are 2.85 × 10 −15 /cm 2 and 2.85 × 10 −14 /cm 2 , respectively.
The base current increases with an increase in the trap density at the metal-semiconductor interface resulting in a reduction in the peak current gain as shown in Fig. 8 . Even with a trap density of 10 12 /cm 2 , the SC-BCPT still has a substantially higher peak current gain. Controlling the traps at the base contact is also important to realize a large current gain. Prior to the base metal deposition, the surface preparation should be well regulated as is the practice in most advanced fabrication procedures. Inserting a native oxide ∼10-15 Å between the metal-semiconductor contacts will minimize the effect of surface traps [22] , [25] .
V. CONCLUSION
In this brief, for the first time, we have implemented a Schottky collector bipolar transistor with a two-zone base region on an undoped SOI film by inducing charge plasma in the emitter and the base region of the transistor. Device characteristics are simulated and compared with that of a conventionally doped two-zone base SCBT of similar geometry using 2-D numerical simulations. Our results demonstrate that the proposed SC-BCPT exhibits a significantly higher current gain, higher cutoff frequency and a better current drive compared with that of its conventional counterpart. However, it is worth noting that the control of metal work function and metal/undoped-silicon contact properties is a challenging issue in the fabrication of the SC-BCPT.
